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T. Heiser, A. Mesli and P. Siffert 

Physical and Electrical Investigation of Silicide 
Precipitates in EFG Polycrystalline Silicon Intentionally 
Contaminated with Chromium 

J.B . Mohr, S.H. Park, S.N. Schauer, D.K. Schroder 
and J. Kalejs 

Influence of Oxygen on Polycrystalline Silicon Sheet 
I. Hide, T. Matsuyama, M. Suzuki, H. Yamashita, T. 
Suzuki, T. Moritani and Y. Maeda 

DLTS Study ofEFG Solar Cells 
S. Mil'shtein, J.T. Borenstein, J.I. Hanokaand Y. Yang 

Automated Defect, Inclusion and Morphological 
Analysis of Solarex Polycrystalline Silicon 

R. Brenneman, D. Ramsey and D. Angell 

Modeling of the Grain Boundary Potential for Poly-Si 

Z. Chen and L.C. Burton 

Invvestigation of Conventional and Pregettered Multi­
crystalline Silicon Cells in Terms of Lifetime, Diffusion 
Length and Defects 

I. Perichaud, G. Mathian, S. Martinuzzi, M. Pasquinelli 
and J. Gervais 

705 

711 

717 

721 

726 

731 

737 

Effect of Oxidation-Reduction Heat Treatments on 743 
CulnSeJCdS Device Behavior 

M . Roy and J.E. Phillips 

Secondary and Polymorphic Phase Behavior of Thin 7 48 
Film CuinSe2: Ramifications on the Device Performance 

J.R. Tuttle, D.S. Albin, J . Goral and R. Noufi 

Nomarski Contrast Microscopy ofCuBSei/Mo 755 
(B = In, Ga) Films 

L. Margulis, A. Jakubowicz, G. Hodes and D. Cahen 

Raman Scattering Study ofCulnSe2 Films Prepared by 758 
Three-Source RF -Sputtering and by Selenization of 
Cu/In/Se Stacked Layers 

S. Yamanaka, M. Tanda, K. Horino, K. Ito, A. Yamada, 
M. Konagai and K. Takahashi 

Deposition ofCulnSe2 by the Hybrid Sputtering and 764 
Evaporation Method 

A. Rockett, C.J. Kiely, G. Kenshole, L. Chung Yang, 
H . Talieh, L.C. Yang, E. Banda and A. Agarwal 

Preparation ofNonstoichoimetric CulnSe2 Crystals by 768 
the Bridgman Method 

L.S. Yip, W.S. Weng, I. Shih and C.H. Champness 
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LATE NEWS 

Shunt Effects in Polycrystalline GaAs Solar Cells 
C. Honsberg and A.M. Barnett 

772 

Thin Film Cd Te Homojunctions by MOCVD 777 
T .L. Chu, S.S. Chu, C. Ferekides, J. BrittandC.W. Wu 

Polycrystalline Materials and 
Device Characterization 

Chairpersons: 
B.L. Sopori 
G.C. Morris 

Organizer: 
T. Coutts 

Determination of Diffusion Length with Bi-Facial 782 
Spectral Response 

J.E. Phillips 

Advanced X-Ray Analysis of Polycrystalline CulnSe2 787 
Thin Films 

H. Dittrich, R. Menner and H.W. Schock 

In-Depth Characterization of Si Solar Cells 793 
L.A. Verhoef, F.J. Bisschop, J.C. StroornandW. Sinke 

Hot Spots and Heavily Dislocated Regions in Multi- 800 
crystalline Silicon Cells 

A. Simo and S. Martinuzzi 
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VOLUME II 

Terrestrial Systems and Technology 

Utility .PV Systems and 
Concentration TechnohJgy 

Chairpersons: 
A.B. Maish 

-D.L. King 

Organizers: 
S. Hester 
R. McConnell 

Analysis of the Value of Photovoltaics for Demand Side 
Management 

S. Rahman, J. Jockell and S. Lahouar 

A Utility Strategy for Photovoltaics 

C. Herig, G. Atrnaram and B. Marion 

Performance of a 15 kWp Amorphous Silicon 
Photovoltaic System 

G.H. Atmaram, B. Marion and C.Herig 

Effect of Central Station Photovoltaic Plants on Power 
System Security 

B.H. Chowdhury 

Photovoltaics in the Utility Distribution System: The 
Evaluation of System and Distributed Benefits 

D.S. Shugar 

Carrisa Plains PV Power Plant Performance 

H. Wenger, C. Jennings and J. Iannucci 

809 

815 

821 

831 

836 

844 

Problems and Countermeasures on Safety of Utility Grid 850 

with a Number of Small Scale PV Systems 

H. Kobayashi, K. Takigawa, E. Hashimoto, A. Kitamura 
and H. Matsuda 

Early Applications of Photovoltaics in the Electric Utility 856 

Industry 
J.E. Bigger and E.C. Kem, Jr. 

A Twenty Percent Efficient Photovoltaic Concentrator 
Module 

C. Chiang and E. Richards 

Performance of a Self-Aligning Solar Array Tracking 
Controller 

A.B . Maish 

The Photovoltaic Concentrator Initiative 

J.L. Chamberlin and D.L. King 

Design and Construction of an Extruded, Curved, Linear 
Focus, Fresnel Lens 

N.R. Kaminar and D. Curchod 

Performance Testing and Qualification of Sandia's Third 
Baseline Photovoltaic Concentrator Module 

E. Richards, C. Chang and M. Quintana 

861 

864 

870 

876 

881 

LATE NEWS 

Sandia's Concept-90 Photovoltaic Concentrator Module 

C. Chiang and M. Quintana 

Utility Applications and Testing 

Chairpersons: 
A.D. Krantz 
R. McConnell 

Organizers: 
S. Hester 
R. DeBlasio 

Maximizing the Benefit Derived from PV Plants: 
Selecting the Best Plant Design and Plant Location 

T. Hoff and J.J . Iannucci 

Lessons Learned with Residential Photovoltaic Systems 

M.C. Russell and E.C. Kem, Jr. 

Results from Arizona Public Service Company's Star 

Center 
T.L. Lepley 

Lessons Learned from Testing Utility Connected PV 
Systems 

S.J. Durand, D.R. Bowling and V.V. Risser 

PG&E'S Cost-Effective Photovoltaic Installations 

C. Jennings 

Photovoltaic Power Conditioning: Status and Needs 

P. Steitz , T.S. Key and F.R. Goodman, Jr. 

Optimizing the Component Mix of a Mini-Utility 

T. Hoff and J.J . Iannucci 

Utility Use of PV System Ratings 

K. Firor, C.M. Whitaker and C. Jennings 

Terrestrial Systems & Array Technology 

Chairperson: 
L. Herwig 

Organizer: 
A.D. Krantz 

PVUSA: Lessons Learned from Startup and Early 

Operation 
S.L. Hester, T.U. Townsend, W.J . Stolte and W.T. 
Clements 

887 

892 

898 

903 

909 

914 

919 

926 

932 

937 
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Photovoltaic Concentrator Technology Development 
E.C. Boes 

944 

Objectives and Results of the PEP '87 Round-Robin 952 
Calibration of Reference Solar Cells and Modules 

J. Metzdorf, T. Wittchen, K. Heidler, K. Denhe, R. 
Shimokawa, F. Nagamine, H. Ossenbrink, L. Fomarini, 
C. Goodbody , M. Davies, K. Emery and R. DeBlasio 

Terrestrial Systems, Applications 
and Technology 

Chairpersons: 
K. Emery 
C.J. Chiang 

Organizers: 
P. Garvison 
A.D. Krantz 

Synthesis of Worldwide Solar Isolation Data for 
Photovoltaic System Sizing 

P.A. Hutchinson, D.E. Andersen and V.V. Risser 

The Synthesis of Solar Radiation Data for Sizing Stand­
Alone Photovoltaic Systems 

R.N. Chapman 

Optimum Switching Points for Array Reconfiguration 
Controller 

Z. Salameh and C. Liang 

Photovoltaic Applications for Electric Vehicles 
R.J. King 

The ANCIP A Project-PV Plant to Power Four Sliding 
Gates and Trash-Rack Rake 

A. Previ, A. Iliceto, S. Righi and S. Guastella 

Lessons Learned from Testing Photovoltaic Vaccine 
Refrigerators 

D. Kilfoyle, B. Marion and G.G. Ventre 

Photovoltaic Powered Lights for Indian Villages 
N.P. Singh and B. Bhargava 

960 

965 

971 

977 

982 

985 

991 

Two Examples of Photovoltaic Generators on a High- 994 
Voltage Overhead Line 

J. Alzieu, Y. Le Cunff, J. Maire and Y. Moller 

A Simple Way to Implement the Direct Coupling of PV 999 
Generator and Battery in Energy Simulation Model 

A.P. vanDijk , E.A. Alsema, K. Blok and W.C. Turken­
burg 

Analysis of Photovoltaic Modules with Protection Diodes 1005 
in Presence of Mismatching 

A. Abete, E. Barbisio, F. Cane and P. Demartini 

Development of Photovoltaic in China: Status and Future 1011 
C.R. Qiang, Y.J. Huan, Z.F. Xin, L.W. ZheandW.S. 
Chen 

Photovoltaic Environmental, Health and Safety 1014 
Electronic Bulletin Board Service 

A.F. Meinhold and P.D. Moskowitz 

PV Module Performance and Testing 

Chairpersons: 
C.E. Backus 
P. Garvison 

Organizers: 
R. DeBlasio 
R. McConnell 

A New Approach for the Performance Evaluation of 
Solar Cells Under Realistic Reporting Conditions 

K. Heidler, A. Raicu and H.R. Wilson 

PV Module Performance Outdoors at PG&E 
C. Jennings and C. Whitaker 

Seasonal Performance of Three Grid-Connected PV 
Systems 

B. Marion and G. Atmaram 

1017 

1023 

1030 

Outdoor Stability Performance of CIS and CdTe 1038 
Photovoltaic Modules at SERI 

L.C. Mrig and S. Rummel 

Health and Safety Issues Related to the Production, Use 1040 
and Disposal of Cadmium-Based Photovoltaic Modules 

P.D. Moskowitz, V.M Fthenakis and K. Zweibel 

Long-Term Photothermal/Humidity Testing of 1043 
Photovoltaic Module Polymer Insulations and Cover 
Films 

G. Mon., C. Gonzalez, P. Willis , E. Jetter, R. Sugimura 
and R. Ross, Jr. 

PV System Performance and Measurement 

Chairperson: 
M.J. O'Neill 

Organizers: 
R. DeBlasio 
A. Maish 

Case Study of a Central-Station Grid-Intertie 1051 
Photovoltaic System with V-Trough Concentration 

J. Freilich and J.M. Gordon 

Comparative Short Term/Long Term Field Test 1057 
Performance and Stability of Tandem and Single 
Junction a-Si Modules 

M.J. Hahn, W.B. Berry and L. Mrig 

Primary Reference Cell Calibrations at SERI: History 1062 
and Methods 

C.R. Osterwald, K.A. Emery , D.R. Myers and R.E. Hart 

PV Performance Measurement Algorithms, Procedures 1068 
and Equipment 

K.A. Emery and C.R. Osterwald 

Reliability of Photovoltaic Concentrator Modules 1074 
E. Richards and C. Chiang 
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Study of the Long Run Field Degradation of Flat Plate 
Photovoltaic Module 

P.K. Koner and J.C. Joshi 

What is an Air Mass 1.5 Spectrum? 

C. Riordan and R. Hulstrom 

A Simple Method to Analyze and Present Performance 
Data of the 300 kW Delphos PV PLant 

A. Sarno, S. LiCausi, F. Apicella and M. Guerra 

Toward the Photovoltaic Farm 

D. Coiante 

Comparison Between Pyranometers and Encapsulated 
Solar Cells as Reference PV Sensors. Outdoor 
Measurements in Real Conditions 

F. Chenlo,. N. Vela and J. Olivares 

A Versatile Microprocessor Based Controller for Solar 
Tracking 

A.K. Saxena and V. Dutta 

LATE NEWS 

Solar Spectral Irradiance Under Overcast Skies 

S. Nann and C. Riordan 

Mixing Optical Beams for Solar Simulation-A New 
Approach 

B.L. Sopori, C. Marshall and K. Emery 

Stand Alone Systems and Concentrator 
Modules/ Arrays 

Chairpersons: 
M. Prince 
K. Collier 

Organizers: 
P. Garvison 
A. Maish 

Performance of Battery Charge Controllers: An Interim 
Test Report 

W.L. Bower, J.P. Dunlop and C.W. Maytrott 

1080 

1085 

1089 

1095 

1099 

1105 

1110 

1116 

1122 

Terrestrial Photovoltaics Systems for U.S. Military 1130 
Applications 

R. Ducey, G. Smith, L. Humble , L. Strother, K. Agi, 
A. Seiss and J .F. Hoelscher 

Production of the Alpha Solarco Proof-of-Concept Array 1136 

D. Carroll, E. Schmidt and B. Bailor 

22. 7 % Efficient lOOOX GaAs Concentrator Module 1142 

M.S. Kuryla, N.R . Kaminar, H.F. MacMillan, M. Ladle 
Ristow, G.F. Virshup, M.R. Klausmeier-Brown and 
L. D. Partain 

Fabrication, Installation & Initial Operation of the 2,000 1147 
SQ.M. Linear Fresnel Lens Photovoltaic Concentrator 
System at 3M/ Austin (Texas) 

M.J. O'Neill, R.R. Walters, J.L. Perry, A.J. McDanal, 
M.C. Jackson and W.J. Hesse 

Space Systems and Technology 

Flight Experiments and Results 

Chairperson: 
R.D. Williams 

Organizer: 
D.J. Brinker 

Multijunction Component Cells on LIPS III 1153 

J.G. Werthen, G.F. Virshup, M.E. Klausmeier-Brown, 
B.C. Chong, M. Ladle Ristow and N.R. Kaminar 

Results of the MBB LIPS III Experiment 1159 

H. Kulms, G.J. LaRoche and B. Czap 

An Analysis of Spaceflight Performance of Several Types 1164 
of Silicon Solar Cells on the LIPS III Satellite 

D. Warfield and J. Silver 

Recent Results from the InP Homojunction Cell Module 
on the LIPS m Spacecraft 

D.J. Brinker and I. Weinberg 

1167 

Radiation and Flight Testing ofITO/InP Solar Cells 1172 

N.M. Pearsall, C. Goodbody, N. Robson, I. Forbes and 
R. Hill 

Forward-Biased Current Annealing of Radiation 
Degraded Indium Phosphide and Gallium Arsenide Solar 
Cells 

S . Michael , C. Cypranowski and B. Anspaugh 

1178 

The Solar Cell Experiment of the First Brazilian 1184 
Complete Space Mission Satellite 

N . Veissid, P. Nubile, A .F. Beloto and A.M. Andrade 

The Design and Performance of the Hughes HS 393C 1188 
Satellite Solar Arrays Featuring Large Area Solar Cells 

J.S . Fodor, S.W. Gelb, L.J. Goldhammer and D.W. 
Moffett 

Electrical Design and Performance of the British Satellite 1193 
Broadcast Spacecraft 

D.W. Moffett, S.W. Gelb, L.J. GoldhammerandB .D. 
Edwards 

LATE NEWS 

First Space Flight oflnP Solar Cells 1198 

M. Yamaguchi , T. Hayashi , A. Ushirokawa, Y. 
Takahashi, M. Koubata, M. Hashimoto, H. Okazaki, 
T. Takamoto, M . Ura, M. Ohmori , S. Ikegami, H. Arai 
and T. Orii 

High Altitude AMO Testing of PV Concentrator Lens 1203 
Elements 

M.F. Piszczor, D.J. Brinker, E.O. Boyer, R.C. 
McKnight, R.J. Ranado , M.J . O'NeillandA.J. McDanal 
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Space Environmental Effects 

Chairperson: 
J.W. Koch 

Organizer: 
R.W. Francis 

Systematic Anomalies in Experiment Data from LIPS III 1208 
J.G. Severns, T.G. Stem, D.K. Conway, R.M. Hobbs 
and R.W. Conway 

Preliminary Results from the Advanced Photovoltaic 1213 
Experiment Flight Test 

D.J. Brinker, R.E. Hart, Jr. and J.R. Hickey 

Space Proven GaAs Solar Cells--Main Power 1219 
Generation for CS-3 

N. Takata, H. Kurakata, S. Matsuda, T. Okuno, S. 
Yoshida, H. Matsumoto, M. Goto, M. OhkuboandM. 
Ohmura 

In-Flight Performance of the SBS-lA Solar Array, 1226 
Featuring Ultrathin High Efficiency Solar Cells 

R.D. Williams, S.W. Gelb and J.S. Fodor 

16%-EfficientGaAsSolarCellAfter 101scm-2, 1-MeV 1231 
Radiation 

K.A. Bertness, M. Ladle Ristow, M.E. Klausmeier­
Brown, M. Grounner, M.R . Kurlya and J.G. Werthen 

Effects of Radiation on InP Cells Epitaxially Grown on Si 1235 
and GaAs Substrates 

I. Weinberg,C.K. Swartz,D.J . BrinkerandD.M. Wilt 

Space Systems and Technology 

Chairpersons: 
D.Flood 
L.M. Fraas 

Organizer: 
B. Anspaugh 

Recent Solar Flare Activity and Its Effect on In-Orbit 
Solar Arrays 

L.J . Goldhammer 

Measurement Techniques for Multijunction Solar Cells 
G.F. Virshup 

1241 

1249 

Space Solar Arrays and Components 

Chairpersons: 
D.J. Brinker 
P.A. White 

Organizer: 
L. Goldhammer 

Design Considerations for Lunar Base Photovoltaic 1256 
Power Systems 

J.M. Hickman, H. Curtis and G.A. Landis 

Design Considerations for Mars Photovoltaic Power 1263 
Systems 

G.A. Landis and J. Appelbaum 

The Mini-Dome Fresnel Lens Photovoltaic Concentrator 1271 
Array: Current Status of Component & Prototype Panel 
Testing 

M.F. Piszczor, C.K. Swartz, M.J. O'Neill, A.J . 
McDanal and L.M. Fraas 

Lightweight Concentrator Module with 30 % AMO 1277 
Efficient GaAs/GaSb Tandem Cells 

J.E. Avery, L.M. Fraas, V. Sundaram, N. Mansori, J.W. 
Yerkes, D.J. Brinker, H.B. Curtis and M.J. O'Neill 

Investigation of the Reverse Biasing of Solar Cells in a 1282 
Space Array 

R. Kimber, R. Hill and N .M . Pearsall 

The Bypass Diode Assembly: Solar Cell Protection for 1288 
Space Station Freedom 

T.W. Woike, S.C. Stotlar and L.M. Woods 

Direct Glassing of Silicon Space Solar Cells: Approach 
and Manufacturing Experiences 

J.W. Koch and P.A. White 

A Coverglass for Gallium Arsenide Solar Cells 
P.A. White 

A Light Trapping Solar Cell Coverglass 
G.A. Landis 

HST Solar Generator Design for a Decade in Orbit 
L. Gerlach, A. Foumier-Sicre, A. Fromberg and S. 
Korehnert 

Stability of GaAs/Ge Solar Cells with Standard Front 
Contacts After Long-Term, High-Temperature 
Exposure 

S. Gasner, G. Pack, M. Gates and R. Given 

Application of the GaSb Solar Cell to Isotope-Heated 
Power Systems 

A.C. Day, W.E. Home and M.D. Morgan 

Reappraisal of Solid Selective Emitters 
D.L. Chubb 

1294 

1300 

1304 

1308 

1314 

1320 

1326 
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LATE NEWS 

Electrical and Thermal Behavior of GSPG Type Solar 
Array 

J.P. David, J. Duveau, J. Guerin, A. Michel, E. Rapp, 
M. Roussel and L. Pelenc 

Performance Evaluation of CLEFT GaAs/CulnSe2 

Tandem CelJ Circuits Through Solar Simulator Testing 
and Computer Modeling 

R. Burgess, C. Flora and M. Schneider 

23.5 % Thin-Film Space Concentrator Cells 

B.D. Dingle, R.P. Gale, R.W. McClelland, M.B. 
Spitzer, H.B. Curtis and D.J. Brinker 

1334 

1340 

1346 

Effect of Emitter Parameter Variation on the 1350 

Performance ofHeteroepitaxial Indium Phosphide Solar 
Cells 

R.K. Jain and D.J. Flood 

Advanced Array Technology 

Chairpersons: 
M. Kruer 
K.P. Bogus 

Organizer: 
R. Patterson 

Photovoltaic Superiority for Space Station Freedom 1356 
Power in the 21st Century 

S.G. Bailey, G.A. Landis and M.A. Perino 

Mission Applications for Advanced Photovoltaic Solar 1362 
Arrays 

P.M. Stella, J.L. West, R.G. Chave, D.P. McGee and 
A.S. Yen 

Retractable Planar Space Photovoltaic Array 1369 

E.L. Ralph, M.A. Chung and K.C. Reinhardt 

Large Area Space Solar Cells-Si or GaAs 1374 

S. Khemthong, H. Yoo, N. Hansen, C. Chu, P. Iles and 
J. Krogen 

Development of 2. 7 Mil BSF and BSFR Silicon 1378 
Wrapthrough Solar Cells 

A.V . Mason, J.R. Kukulka, S.M. Bunyan and L.M. 
Woods 

High Efficiency, Rugged, Lightweight GaAs Solar Cells 1383 

F.H. Ho, P.A. Iles, C. Chu, Y.C.M. Yeh, J. Krogen, 
W. Patterson and B. Reed 

Amorphous Silicon Based Solar Cells 

Amorphous Silicon Cells and Modules 

Chairpersons: 
D. Morel 
H. Sakai 

Organizer: 
M. Prince 

The Density of States (DOS) ofl-Layers in a-Si:H Based 1389 
pin Cells Determined by CPM Measurements 

H. Riibel, R. Geyer, B. Scheppat, P. Lechner, M. Gorn, 
and N. Kniffler 

New Type Structures on A-Si Solar Cell Submodules 1394 
Fabricated by Microscopic Hole Spacing Technique 

M. Ohnishi, H. Shibuya, N. Okuda, H. Inoue, Y. Kishi, 
S. Kiyama, H. Kawata, S. Tsuda, S. Nakano, Y . 
Kuwano and S. Okamoto 

High Effective Area Amorphous Silicon Solar Cell Using 1400 
Eximer Laser Process 

M. Abe, H. Shinohara, Y. Arai, N. Ishida, A. Satake, 
K. Nishi, S. Kugawa, S. Nakajima, Y. Uehara, M. Ishii 
and S. Yamazaki 

Outdoor Performance Studies of a-Si Alloy Multi- 1403 
Junction Solar Cells Using Simulated Solar Illumination 

J. Burdick and T. Glatfelter 

Status of the DOE/SERI Amorphous Silicon Research 1409 
Project: Recent Advances and Future Directions 

B.L. Stafford, W. Luft, B. vonRodemand W.L. Wal­
lace 

Hydrogen-Plasma Reactive Flushing for a-Si:H and 1416 
A-SiGe:H Solar Cell Fabrication 

Y.S. Tsuo, Y. Xu, R.S. Crandall, D. Han, C. Qiu and 
J.I. Pankove 

a-Si/poly-Si Two- and Four-Terminal Tandem Type 1420 
Solar Cells 

Y. Matsumoto, K. Miyagi, H . Takakura, H. Okamoto 
and Y. Hamakawa 

A Three Dimensional Design Approach for a-Si:h 1426 
Multijunction Solar Cells 

M.M. Alkaisi and A.Z. Sadik 

Power Optimization for Large-Area a-Si:H Solar 1432 
Modules 

F. Willing, S. Wiedeman, J. Newton, J. O'Dowd and 
K. Jansen 

Two Source Simulator for Improved Solar Simulation 1438 

M. Bennett and R. Podlesny 

Advances in Large Area Si:H Thin Film Modules 1443 

D.R. Willett, S.A. Vasquez and D.P. Tanner 

High Reliability Three-Stacked Amorphous-Silicon 1449 
Solar Cell 

S. Moriuchi, Y. Inoue, H. Sannomiya, A. Yokota, M. 
Itoh, Y. Nakata and H. ltoh 
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Amorphous Silicon Based Cells 

Chairpersons: 
S. Wagner 
G.H. Bauer 

Organizer: 
R. Arga 

High Performance Interconnected Amorphous Silicon 1455 
Based Modules 

J. Morris, R.R. Arya, C. Poplawski, A. Catalano, R. 
Podlesny, J.L. Newton, A. Wilczynski and T. Lommas­
son 

Role of Film Thickness in Amorphous Silicon Solar Cell 1459 
Cell Characterization 

P. McElheny, S. Nag, S.J. Fonash, C.R. Wronski, M. 
Bennett and R. Arya 

Sub-Bandgap Photocurrent in Reverse Based p-i-n 1465 
a-Si:H Solar Cells 

A. Mittiga, P. Fiorini, S. Korepanov, M . Sebastiani and 
F. Evangelisti 

High Efficiency A-SVa-SI Tandem Solar Cells 1471 
D.S. Shen, R.E. Schropp, H. Chatham, R.E. Hol­
lingsworth, J. Xi and P.K. Bhat 

A Stable 10 % Solar Cell with a-Si/a-Si Double-Junction 1475 
Structure 

Y. Ichikawa, S. Fujikake, T. Yoshida, T. HamaandH. 
Sakai 

41.5 Watt, 10.5% Si:WCulnSe2 Tandem Thin Film 1481 
Modules 

K.W. Mitchell, D.R. Willett, C. Eberspacher, J.H. 
Ermer, D.N. Pier and K.L. Pauls 

Amorphous Silicon 

Chairpersons: 
B. Baron 
M. Konagai 

Organizer: 
S. Fonash 

Instabilities In A-SI:H Solar Cells: Materials and Device 1487 
Issues 

C.R. Wronski 

a-SiGe:H Alloy Material Limitations and Device 1493 
Considerations 

C.M. Fortmann 

A 10 MWp A-SI:H Module Processing Line 1501 
J. Macneil, A.E. Delahay, F. Kampas, F. Ellis, E. Eser 
and A. Varvar 

Modeling and Stability of 
Amorphous Silicon Alloys 

Chairpersons: 
V.L. Dalai 
S.S. Hegedus 

Organizer: 
C. Wronski 

Evaluation of Degradation in Amorphous Silicon Solar 
Cells 

D. Redfield and R.H. Bube 

1.00 MEV Proton Radiation Resistance Studies of Single­
Junction and Single Gap Dual-Junction Amorphous­
Silicon Alloy Solar Cells 

S. Abdulaziz, Y. Li, J .S. Payson, Y. Li and 
J.R.Woodyard 

A Technique for Determining Urbach Edge, Midgap 
States and Electric Field in a-Si:H and A-(Si,Ge):H 
Devices 

V.L. Dalal , R.D. Knox and B. Moradi 

An Extended "Collection Length Model" for the 
Description of the ke V-Electron Induced Degratation 
and Thermal Recovery ofp-i-n Solar Cells 

U. Schneider and B. Schroder 

Optimum Band Gap for Amorphous Silicon Based Solar 
Cells 

P. Fiorini, A. Mittiga, I. Chamboueyron and F. 
Evangelisti 

Optical Losses in Multi-Junction a-Si:H Based Solar 
Cells and Modules 

S. Wiedeman, J. Morris and L. Yang 

Computer Modeling of a-SiC:Wa-Si:H Heterojunction 
Solar Cell Performance as a Function of the Apportion­
ment of the Bandgap Discontinuity 

J.Y. Hou, J.K. Arch and S.J. Fonash 
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POLYSILICON EMITTERS FOR SILICON CONCENTRATOR 

SOLAR CELLS 

J. Y. Gan and R. M. Swanson 

Stanford Electronics Laboratories, McCullough 204 

Stanford University, Stanford CA. 94305 

ABSTRACT 

Polysilicon emitters with a thermally grown interfacial 

oxide are examined in great detail. Both l o and Pc are 

measured for the polysilicon emitter (contact) which is 

annealed under various conditions. ]0$ 5 x 10-u A/cm2 

and p0~l x 10-5 fl-cm2 are obtained for both n- and p· 

type polysilicon emitters. The results also indicate that 

the interfacial oxide is only broken by a. very small frac­

tion in order to have Pc~l X 10-5 fl-cm2 . Under such a 

condition, J0 is primarily dominated by the recombina­

tion at the oxide interface. 

INTRODUCTION 

Polysilicon emitters, because of their important applica­

t ions in high speed bipolar transistors, have been widely 

studied. It was found that, between the polysilicon and 

the substrate, there always exists a very thin oxide (in­

terfacial oxide), which can be as a by-product of the 

cleaning process or is grown intentionally [1,2,3,4,5,6,7]. 

In either case, the oxide ;s not t hermally stable; i.e., 

it tends to. break up during high temperature anneals 

[1 ,2 3,4,5,6,7]. The breakup of the interfacial oxide has 

direct. impact on both majority and minority carrier 

transport in the polysilicon emitter. This can be seen 

from the dep endence of the specific contact resistivity 

(p0) [6] and the the emitter saturation current density 

(J0) [1 2,3,4,5,6,7] upon either the anneal condition or 

the oxide integrity. When the eff ct of the interfacial ox­

ide is negligible, such as when the interfacial oxide loses 

its integrity in high temperature ann als, th Pc is low 

(~2 x 10-7 n -cm2) [6] and the 1 0 is high (~l x 10-12 ) 

[1,3]. Conversely, when both carriers a.re m stly blocked 

by the interfacial oxide, like for an intact chemical ox­

ide ( ~ 15 A), the Pc is high and the J0 is low. Typically, 

Pc2::l x 10- 4 fi-cm2, and the corresponding l o~l X 10-14 
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A/cm2 have been ·observed on the n-type polysilicon 

emitter [1,5,6]. 

With the extent of the oxide breakup between these two 

extremes, various combinations of Pc and J0 can be ob­

tained. It is of particular interest to know the Pc and the 

corresponding J0 when only a small fraction of the in­

terfacial oxide is broken. For silicon solar cells operated 

under high concentrated sunlight, the emitter recombi­

nation is one of the main recombination that limit the 

solar cell performance [8] . This is because the diffused­

emitter, which is formed with dopant diffusion into the 

base (substrate), has high J0 (=4.5 x 10- 13 A/cm.1 ). 

Consequently, the cell performance can be improved 

if the diffused-emitter is replaced with t.he polysilicon 

emitter, of which the ]0 is less than 4.5 x 10- 13 A/cm2 

and the Pc is low enough. 

In this pap.er, detailed calibrations for the polysilicon 

emitter with a the,.mally grown interfacial oxide is pre­

sented. Compared with the the chemical oxide, the 

thermal oxide appears to be more robust to the high 

temperature anneal. Consequently, this lends more con­

trollability on the oxide b~eakup process. In addition, 

two separate anneal steps were used in order to avoid 

any possible interference from the dopant diffusion. It 

has been re.ported that the interfacial oxide tends to 

break up more rapidly with the existence of dopao,t [3,5) . 

Moreover, 10 also depends on the surface dopant con­

centration and the emitter depth [9] . In order to see 

the effect of the oxide breakup on 10 and Pc alone, it 

is therefore desirable to separate these two processes. 

The first-step anneal, which serves to break the oxide, 

was performed at higher temperature than that for the 

second-step anneal which aims for the dopant drive-in. 

EXPERlMENTAL 

Procedures 
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In this work, the J0 and Pc were measured indepen­
dently for each type of polysilicon emitter (or contact). 
J0 was measured with photoconductivity decay method 
which_has been reported e::lsewhere [10]. Because high 
bulk lifetime is needed for such a measurement, the 
samples were prepare_d with high resistivity (>100 n­
cm) FZ wafers. In contrast, Pc was measured on de­
vices made on CZ wafers of which resistivity is 0.28 and 
0.5 n-cm for p- and n- type respectively. The device 
for Pc-measurement is shown in Fig. 1 schematically. 
Except for the pattern-definition steps which were not 
required for Jo-measurement samples, the two sets of 
wafers were always processed together. The process se­
quence is shown as followings: 

1. Field oxidation (2000 A)*. 
2. Polysilicon°substrate contact opening*. 
3. Thin thermal oxide growth at 800 °C*. (10-minute 

oxygen flow) 
4. Polysilicon deposition (6000 A) and first-step an-

neal (1050 °C)*. 
5. First-step anneal *. 
6. Polysilicon finger definition. 
7. Undoped glass deposition (2000 A). 
8. Metal-polysilicon and metal-substrate contact open­

ing. 
9. Doped glass deposition on both sides of the wafer*. 

10. Drive-in; 900-1000 °C*. 
11. Doped glass stripping and Al-1 % Si alloy deposi­

tion. 
12. Metal finger definition. 

Note that the steps marked with "*" are the steps for 
] 0 -measurement samples. In addition, the Jo-samples 
are divided into two sets; one set of samples had an 
additional 400 °C-30 min forming gas anneal (FGA), 
the other did not. The growth of thin oxide was carried 
out with 200 seem oxygen and 5 slm argon mixture. 
Typically, oxide thickness less than 20 A was measured 
with ellipsometer. In step 2, a series of square contacts 
of size between 1 and 64 µm are opened for polysilicon­
substrate contacts. 

Pc Measurement 

As shown in Fig. 1, the voltage difference, Vab, between 
probe A and B is caused by several components of the 
series resistance along the current loop. They are the 
resistance imposed by the bulk of the polysilicon and 
the wafer, the metal-polysilicon contact resistance, and 
the polysilicon-substrate contact resistance. The po­
tential drop across the polysilicon film is conceivably 
negligible because the film is heavily doped and very 
thin. The metal-polysilicon contact resistance is actu­
ally measured on the similar device (four-terminal resis­
tor [llj) next to the device shown in the figure . Typi-
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Figure 1: The device structure for the specific contact 
resistivity measurement. 

cally, the Pc of the metal-polysilicon contact is less than 
1 x 10-6 Q-cm2

. With such low Pc and large contact 
area between the metal and the polysilicon, the metal­
polysilicon contact resistance can be ignored as well. As 
a result, the series resistance derived from Vab/ I is essen­
tially determined by two terms; the bulk resistance of 
the silicon substrate and the polysilicon-substrate c_on­
tact resistance. Such a series resistance can be expressed 
as a function of the size of the polysilicon-substrate 
square contact. 

or 
Re= R ,x d2 =Pc+ Cpd; (2) 

where C is a constant that accounts for the contact ge­
ometry factor, p is the substrate resistivity, d is the 
width of the square contact, and Pc is the specific con­
tact resistivity of the polysilicon-substrate contact. The 
contact size dependence of the last term in Eqn. (2) re­
sults from the crowding effect as the current flows to­
ward the polysilicon-substrate contact. It is obvious 
that, from Eqn. (2), the Pc can be derived from the plot 
of Re versus d which is obtained by measuring the series 
resistance of contacts of different sizes. 
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Figure 2: The Re versus the contact size for p-type 

polysilicon contacts of different first-step anneals. 

RESULTS AND DISCUSSIONS 

Fig. 2 shows two Re-plots for the p-type polysilicon con­

tacts. One has the first-step anneal at 1050 °C for 

30 minutes, the other has 1050 °C for 2 hours. Each 

data point is the average of 16 measurements across the 

wafer and the error bar is drawn with 4 standard devi­

ations. Since devices were made on the wafers of about 

the same resistivity, the slopes of the linear-fit lines are 

almost identical. Note that, the devices that received a 

30-minute first-step anneal have higher intercepts than 

those that received a 2-hour first-step anneal. This indi­

cates that more oxide breakup occurs when the anneal 

time increases. Another characteristic of the interfacial 

oxide breakup can also be seen from the spread in the 

data ( the length of the error bar) . The magnitude of the 

error bar is not due to the measurement uncertainty; 

instead, it results from the random distribution of the 

oxide breakup. When only a very small fraction of the 

interfacial oxide is broken, it is possible that the inter­

facial oxide on each contact may not be broken equally. 

Consequently, this gives rise to the fluctuation of the 

resistance measured. On the other hand, the fluctua­

tion will be subdued when more oxide is broken. This 

explains the different appearance of error bars observed 

between these two sets ·of data. 
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Figure 3: Pc of both n- and p- type polysilicon-substrate 

contacts is shown as a function of the time of the 

first-step anneal. 

To see how the J0 and the Pc is affected by the first­

step anneal, one set of samples (and device wafers) were 

first annealed at 1050 °C for various lengths of time 

(first-step anneal). After the doped-glass deposition, 

they were all annealed at 900 °C for 4 hours. The Pc 

measured from the device and the l 0 measured from the 

photoconductivity decay are presented in the following 

figures. 

In Fig. 3, Pc is plotted against the time of the first-step 

anneal for both types . Note that the Pc decreases as the 

anneal time increases. In addition , P-c measured from 

both n- and p - type devices are more or less the same 

excep t those annealed with 120 minutes . The similarity 

of Pc between the n- and the p- type contact also indi­

cates t hat the interaction between the dopant and the 

interfacial ox:ide is negligible; since such an interaction, 

if exists, would cause the Pc of th -p-type to be lower 

(6). 

The effects of the first-step anneal on l 0 are presented 

in Fig. 4 and 5 for the n~type and the p-type polysil­

icon mitters r espectively. In each figure, two sets of 

data are shown.: the one with an. F GA and the one 

without . For foe samples with au F GA, the l 0 js sig­

nificantly less than that without FGA for the same an­

ueal condition. This indicates th at the recombination 
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Figure 4: The J0 versus the first-step anneal time for 
n-type polysilicon emitters. 

at the oxide interface is, at least, one of the dominant 
mechanisms for the emitter recombination. It is also 
important to note that the J0 of the p-type polysilicon 
emitter (Fig 5) appears to be much lower than what has 
been previously reported [l]. This may have to do to 
the use of thermal oxide as the interfacial layer in our 
samples. Either the thermal oxide is most robust during 
the high temperature anneal or the thermal oxide has 
lower interface defect state density (D;t) compared to 
the chemical oxide. Another interesting thing in these 
figures is that the J0 of the sample that received a 15-
minute anneal is higher than the sample that received 
a 30-minute anneal. Moreover, such a behavior occurs 
in both the n- and the p- type samples. The possible 
explanation is that the interfacial oxide quality is im­
proved by the high temperature anneal. This is not too 
surprising because the oxide was grown 1).[ound 800 °C 
in which higher D;, is e::-..--pectcd [12,13] . Other thn.n that 
the .7., of both typ s appears to increase slowly with the! 
anneal time. In addition, because the dominant recom­
bination is likely at the oxide interface, it implies that 
lhc oxide must only be broken by very a small fraction, 
which is in consistent with what was observed in Fig. 2. 

10 ~~--r---.-..-,~~-.-~.....,~~-.--~~~.........., 
P-type polysilicon emitters 
First-step anneal: 1050 •c 
Second-step anneal: 900 'C-4 hrs 

- wlthFGA 
- without FGA 

0 ............ _,_~ .............. ~_._-.......,c.........---'-.............. ~....._, 
0 20 40 60 80 100 120 140 

Fist-Step Anneal Time (min) 

Figure 5: The J" wr~ns tlw firf't-step anneal time for 
p-type polysilicon ernitters. 

The effect of the second-step anneal ( dopant drive-in) on 
both the .]0 and the Pc were also investigated. All sam­
ples ( and devices) received a first-step anneal at 1050 
°C for one hour, followed with various treatments in the 
~econd-stcp ;mneal. The results arc summa.ri.i:cd in Trt­
blc 1. The label on the right most column represents the 
second-step anneal condition of that sample. As shown 
in the table, the .]0 increases with the temperature and 
time of the second-step anneal. In the meantime, the Pc 
decreases as the drive-in temperature increases. Consid­
ering the significa11t increase of .J0 caused by increasinµ: 
the drive-in temperature from 900 to 1000 °C, it is hcn­
c-ficial to use the two-step ·anneal to optimize .J0 • 

In Fig. 3, the decrease of Pc with the anneal time is what 
would be expected from the gradual breakup of the in­
terfacial oxide. This is in consistent with the increase 
of J0 shown in Fig. 4 and Fig. 5, since J0 depends on 
the oxide integrity in the opposite way. This is esp·e­
cially clear when both Pc and J0 are plotted together. 
Fig. 6 is the Pc versus '.10 plot for all the results obtained 
in this experiment. The inset is the list of the label 

Table 1: The effect of the second-step anneal 011 Jv aucl Pc · 
N-type P-type 

J0 ,0 ( x10-H A/cm2) Pc (11il-cm2
) Jo,e (xl0-14 A/cm2

) Pc (µl1-cm1) 
900 °C-4 hour 2.4 18 3.5 18 
1000 °C-30 min 4.5 ~6 8.2 3.8 
1000 °C-60 min 7.9 10.5 
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Fip;ure 6: Pc.-lo of this work. 

for each point. It sp ci£es the typ of polysili con emit­

ter the firs t-st p anneal (temperature/minute), and the 

second-step anneal (temperature/minute). As shown in 

the figure, the data runs from the upper-left comer to 

the lower-right comer which is similar to that ,·eported 

lJy _Ci-abbe [6] and is the typical trend when both Pc and 

J0 ure regulated by the extent of oxide breakup. Nev­

crthdess from left to r ight two distinct 1·egimes arc 

shown in the figure. In one regime, J0 is almost con­

stant while Pc drops drastically. In the other regime 

Po decreases very slowly and .70 increases in much faster 

pace. fo th first regime, that the 10 is inert to th ox­

ide br •akup is because the extent of the oicide breakup 

is \·e.ry small su.ch that the J 0 is still dominated by the 

recombiua.tions at the oxide interfo.ce and in th singly­

crystal outdiffusion. 011 the other 11.md, the drastic 

d 1;;ingc of the p0 caJ1 be attributed to the transition of 

th majority carrier transpor from the tunneling to the 

channel resistance, When the interfacial oxide is intact, 

tunncliJ1g is lhe only process available for th ma jority 

carriers to pr ·~ through th interfacial oxide. Thi8 11su­

ally results in a high onta.ct resisLance becaus of low 

tunneling probability. As he <>xide starts to brc{1k up 

additional highly condudive channels ru·• c.i.·eated due 

to the intimate contacts formed between the polysilicon 

and the sbbstrate in the broken regions (3 ,4,5]. A dras­

ti • cltange of Pc is observed when m,n· · c1.u-rents flow 

through those channel-,_ In th other regime, .lo stui· s 

to increase because the rcc-omhina tion in Lhe polysili ·on 

becomes comparable to the recombination mentioned 

249 

previous_ly. On the other hand, the slow decrease of the 

Pc in this regime is because the majority carrier trans­

port is completely dominated by the channel resistance. 

The increase of the oxide breakup can be thought as 

more parallel resistors added together; consequently, a 

significant change of Pc _will not be observed. 

Th da ta shown in Fig. 6 are quite useful for silicon 

solar cells. First, most of 10 are below 5 x 10-14 A/cm2 

which is about one order magnitude lower than that of 

diffused-emitters. Second, most of Pc are also lower than 

5 x 10-5 n-cm2
. This means that the potential drop 

across the contact is negligible as long as the current 

density is less than 100 A/ cm2
• It is int ' resting to see 

how much of the cell cfli ·iency can be improved with 

polysilicon emitters of characteristics given here. With 

th cell modeling, which is similar to th• one reported 

by Sinton [8], more than one absolut percen: of the 

cell efficiency is obtained for a backside contact solar 

cell with polysilicon emitters w1th characteristics shown 

h ere J 0 = '2 X 10-1•1 A/cru~ for th · n-type, .T0 = 3.5 X 10- H 

A/ ·m2 for the p-typc., a.nd f'c== l X 10- 5 n -cm2 for both 

types). 

CONCLUSIO NS 

To conclude, we showed that polysilicon emitters with 

low 10 and Pc C<ill be obtairn.\d with a vc•ry small frac­

tiun of interfacial oxide breakup . TypicaHy, Pc~ l x 10-5 

Q-cm2 and l 0'5c5 x 10-14 A/cm2 are obtained for both 

n- and p- type polysilicon emitters. From the cell mod­

eling po.lysilicon 1:.mit t.0.:1 .. witL thes<! 111wlibi ca.n lw 

qui te useful for silirnn conccnla:a t,or :-olar ·<·Us. TI .nis 

only sm;ill fn1 ·tiou of interfocial oxitl1• i~ hro!·rn., lLe .J,, is 

p.l'imaril:v dnruim1tcd by Uw r 'l'Olllbiuadou a t the oxicl<' 

interface and in the single-crystal diffusion region. Con­

sequently, an interfacial oxide of good quality is impor­

tant to obtain low 10 • Our results also indicates that Pc 

drops drastically when the oxide starts to breakup. This 

is explained by the transition of the dominant majority­

carrier transport from the tunneling to the channel re­

sistance. 

This work was supported by the Electr_ic Power Re­

search Institute. 
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